A convenient strategy is demonstrated for trace detection of multiwalled carbon nanotubes (MWNTs) using Raman-enhancing silver nanocap arrays. Microstructural analysis indicates that the hot spots are evenly distributed on the substrate. A brief analytical methodology to evaluate the dispersity of adsorbed MWNTs with different ultra-low concentrations by 2D point-by-point Raman mapping is proposed. The detection limit of this method was found to be 3 ppb. Our results open new possibilities for applying surface-enhanced Raman scattering to trace detection of an inorganic probe.
Introduction
Surface-enhanced Raman scattering (SERS) has been demonstrated as a promising way to overcome the poor efficiency of inelastic scattering processes and weak signals inherent to normal Raman (NR) spectroscopy [1] . It provides a further chance to elucidate materials in trace detection because of its significantly enhanced effect by up to 6-10 orders of magnitude when the materials are adsorbed on a substrate with metallic nanostructured surfaces [2, 3] . As a nondestructive analytical method, it could be applied in various fields, such as environmental pollutant detection, and chemical and biological sensors.
SERS enhancement depends mainly on the geometric configuration of the nanostructures. It is possible to obtain an enormous Raman enhancement at junctions (so-called 'hot spots') consisting of two or more coupled metallic nanoparticles or nanostructured surfaces with closely spaced features on aggregated particle clusters [4, 5] .
Thus, nanometre-sized metallic structures can make the target molecules of pollutants concentrate within the zone of electromagnetic enhancement that facilitates SERS detection and molecular identification; even a very weak Raman signal can be recognized [6, 7] . However, it is difficult to predict where the hot spots occur, and the degree of SERS enhancement thus varies with the distributions of these hot spots. Moreover, the poor reproducibility caused by different particle sizes and inhomogeneous aggregation does not bode well for trace detection [8, 9] . Hence, there has been tremendous effort to explore different nanostructures that support SERS, aiming at optimized substrates with high sensitivity and reproducibility.
In this connection, we demonstrate a convenient strategy for trace detection of multiwalled carbon nanotubes (MWNTs) as an inorganic probe using Raman-enhancing silver nanocap arrays. Methods to concentrate organic pollutants (the target analytes) within the enhancing electromagnetic fields, so that the target molecule dwells very close (within 5 nm) to the roughened noble metal substrate that improves SERS detection and molecular identification, have been reported [10, 11] . However, placing inorganic nanostructures in hot spots between two or more coupled nanostructures leading to intense SERS enhancement challenges current nanofabrication technology [12] . Our results open new possibilities for applying SERS to trace detection of an inorganic probe.
Materials and methods
Highly ordered hemispherical silver nanocap arrays were fabricated using porous anodic alumina (PAA) membranes as templates [13] . The cleaned Al foils were anodized separately in a 0.5M oxalic acid solution under a constant direct-current voltage of 40 V at 10
• C. In order to obtain an ordered nanopore array of PAA, a two-step anodizing process was adopted. The cleaned Al foils were first anodized for 2 h followed by immersion into a mixture of chromic acid (1.8 wt%) and phosphoric acid (6 wt%) at 75
• C (1 : 1 in volume). After 2 h, the alumina layer which grew at the first step was removed and the surface of the foil became bright. After a second anodizing step for 2 h, the PAA templates were obtained.
Silver coatings were prepared on the PAA templates at room temperature under argon (20 sccm) in a conventional direct-current magnetron sputtering system. The power of the magnetron was ∼40 W (voltage of 410 V and current of 100 mA). During deposition, the pressure in the magnetron chamber was 3.8 × 10 −1 Pa and the distance between the target and the substrate was 20 cm. The sputtering time was 10 min. The thickness of Ag deposition was estimated to be in the sub-10 nm regime [13] . After deposition, the samples were protected from contamination and oxidation in a vacuum desiccator until they were subjected to further experiments.
MWNTs (out diameter <8 nm) were dispersed in 95% ethanol by ultrasound sonication for 30 min. In this way no extraneous component was induced in this detection system due to the volatile character of ethanol and the structures were not damaged enough to affect the reliability of their physical properties [14, 15] . Suspensions of different concentrations (300 ppm, 30 ppm, 3 ppm, 300 ppb, 30 ppb, 3 ppb) were obtained and then coupled to the silver nanocap arrays by means of drop coating of the solution onto the sample.
Scanning electron microscopy (SEM, JEOL JSM-6335F) was used to investigate the structures of silver nanocap arrays. The Raman measurements were carried out on a Jobin Yvon LabRAM HR800 micro-Raman spectrometer with a 514 nm laser focused onto a 1 µm diameter area at room temperature. The laser spot dwelled on each pixel for 1 s to collect the accumulated signal intensity from 1520 to 1650 cm −1 at each spot. The Raman mapping area was 60 × 60 µm 2 which was selected randomly and the scanning step was 3 µm. Figure 1 (a) depicts a typical SEM image of the sample surface; the silver nanocaps with a periodic hexagonal arrangement can be observed. The structures have very uniform sizes (D = 50 ± 5 nm) due to similar shapes of the templated alumina protrusions and the same sputtering time. Ortho-, meta-and para-cap gaps can also be observed, and the orthocap gap is less than 10 nm, which is necessary for intense SERS enhancement. The 3D geometry of the silver nanocaps is shown schematically in figure 1(b) , in which one MWNT is illustrated on the surface and between the nanocaps, forming the 'metal/MWNT/metal' structure. (G2) is shown in figure 1(c) . The G1 band corresponds to the atomic displacement along the circumferential direction and the G2 band corresponds to the atomic displacements along the nanotube axis [16] .
Results and discussion
Next, we demonstrate a simple strategy for obtaining hot spots of the form 'metal/MWNTs/metal', which automatically position many MWNTs in the junction between neighbouring silver nanocaps that were templated by PAA membranes leading to intense SERS enhancement. The results are highly reproducible from experiment to experiment, probably because of the regularity of the SERS substrate, which consists of highly ordered and regular silver nanocaps.
A series of 2D point-by-point Raman mappings of MWNTs on silver nanocap arrays compared with those on Si chips with different concentrations are presented in figure 2 . due to mass MWNT aggregation, the Raman enhancement observed from 300 ppm MWNTs on silver nanocap arrays shown in figure 2(d) is not larger than that from the others. Thus, it can be concluded that mass particle aggregation is not favourable to SERS.
The SERS mappings of MWNTs for ppb level are also given in figure 3 . From SERS mapping of 300 ppb MWNTs on silver nanocap arrays shown in figure 3(a) , one can observe that the relative SERS peak intensity of the collection spots is centred within a narrow range. This indicates that the substrate homogeneity is quite good and strict control of the preparation conditions can ensure good reproducibility among different batches. In our experiment, the detection limit can attain 3 ppb which is proved by the result of SERS mapping shown in figure 3(c) . The spatial distribution of SERS intensity (in terms of peak area) can also be visualized in figures 3(d) and (e) by the analysis of the statistics histograms obtained from the respective Raman mappings [17] . It should be noted that a dramatic change in the shape of the distribution is observed on decreasing the concentration of MWNTs from 300 to 30 ppb. The long distribution tail seen in figure 3(d) is not evident in the distribution of the SERS signal of figure 3(e) . The mapping results indicate that the spatial variation of the SERS intensities is further improved from 30 ppb MWNTs on silver nanocap arrays. In figure 3(d) , a large number of events with intensities below 50 in the histogram can be observed, indicating that most of the surface area of the substrate presents very low SERS intensity from 3 ppb MWNTs on silver nanocap arrays.
Conclusions
In summary, we have reported a convenient strategy for trace detection of MWNTs as an inorganic probe using Raman-enhancing silver nanocap arrays. A brief analytical methodology to evaluate the dispersity of adsorbed MWNTs with different ultra-low concentrations by 2D point-by-point Raman mapping was also proposed. The detection limit of this method was found to be 3 ppb. This design of silver nanocap arrays with uniform SERS-active properties may open a new framework for the fabrication of robust, cost-effective, large-area SERS-based sensors for trace detection of inorganic nanostructures.
